Diversified agricultural households often use byproducts of one activity as inputs for another. For crop-livestock farmers, cereal production provides grain and crop residue, where the latter can be used as livestock feed. To properly assess the cost of introducing new technologies into such systems, one must value the implicit cost of byproducts, which is made difficult by missing byproduct markets. We estimate the shadow value of non-market crop stubble using household data from Morocco and find that stubble accounts for around one-quarter of the value of cereal production in a normal rainfall year and three quarters in a drought year.
Materials or energy produced as a byproduct of one production process often are used as inputs for another. In some cases producers can leverage this relationship through trade (Lowe 1997) . If market imperfections prevent byproduct trade, firms can take advantage of economies of scope by internalizing byproduct transactions (Teece 1982) . This type of internalization is very common in agriculture, especially in developing countries, where transaction costs are high and there are other benefits of diversification, e.g., risk management and wealth storage in the absence of financial markets (Barrett, et al. 2001; Bromley and Chavas 1989) .
The most widespread example of diversification in agriculture is mixed crop-livestock farming, or more specifically cereal-livestock farming. A commonly employed definition of a crop-livestock system is one in which at least 10 percent of dry matter fed to livestock comes from crop byproducts and at least 10 percent of the total value of production comes from non-livestock farming activities (Seré and Steinfeld 1996) . Complementarities in crop-livestock systems include using manure as fertilizer, manure or crop residue as fuel, crop residue as bedding or building material, and most commonly, crop residue as livestock feed. Crop-livestock systems are widespread and provide livelihoods to many millions of people. They account for close to 50 percent of the world's cereals (and most of the cereal consumed by the poor), 75 percent of the world's milk, and 50-60 percent of the world's meat. Nearly 70 percent of the world's ruminant population resides in crop-livestock systems Steinfeld, et al. 2006) . The importance of crop residue as an input for livestock production therefore has implications for crop and technology choices that affect economic development and agricultural sustainability on a very large scale.
Farmers who adopt no-till (NT) cereal production reduce the amount of residue available as livestock feed because some stubble must be kept on the field after each harvest. This reduction may contribute to low adoption rates for NT and related resource conserving technologies among small farmers in developing countries, despite these methods' well-documented potential to increase and stabilize yields, lower fuel costs, prevent erosion, and mitigate climate change through carbon sequestration (Erenstein 2003; Mrabet 2008; Pieri, et al. 2002) . 1 The importance of crop residue as feed also has implications for cereal variety choice. Many of the high-yielding dwarf varieties developed during the Green Revolution divert biomass from residue to grain production. Such varieties may seem superior to plant breeders, who generally do not place a value on residue production, but might not be adopted where the value of residue is relatively high compared to that of grain (Rao and Hall 2003; Traxler and Byerlee 1993) . Similarly, a reduction in residue availability could discourage conversion from cereal to high-value cash crop (HVC) production, a potential pathway by which small farmers can escape poverty and sequester carbon. Because HVCs do not always produce byproducts that can be used as feed, the profit gap between HVCs and cereals may be smaller when the value of crop residue is accounted for. Certain harvesting technologies could also be rejected because they render residue unsuitable as feed, as was the case for an imported peanut harvester in Senegal (International Fund for Agricultural Development 1998).
Although crop-livestock complementarities are widely recognized, to our knowledge the value of crop residue has not been rigorously and fully quantified, even though this value could represent a significant deterrent to the adoption of new technologies and crops. The value of straw-residue that can be removed from the field, transported, and marketed-is usually observable through local market prices. Valuing stubble, residue grazed directly from the field after straw removal, is more difficult. Generally no market price for stubble exists, so a shadow price must be used. A shadow price is the household's decision price, formed internally by household supply and demand for a non-market good (De Janvry, et al. 1991; Singh, et al. 1986) . In this article we develop a household crop-livestock farming model to estimate the shadow price of crop stubble using unique panel data from Morocco.
Morocco is an ideal setting in which to test our model. Cereal production, mostly of wheat and barley, is widespread, accounting for about 70 percent of agricultural land (Food and Agriculture Organization 2009). The use of cereal residue as livestock feed in Morocco is omnipresent and substantial; an estimated 30-40 percent of biomass in the average ruminant's diet comes from cereal residue, although this percentage can be higher or lower for individual herds. In arid and semiarid cereal growing regions of Morocco, crop stubble typically is the sole source of feed in the summer and fall months following the harvest (Nordblom and Shomo 1993; Tarhzouti, et al. 2006) .
The high prevalence of crop residue in livestock diets is not unique to Morocco or the Mediterranean region. Rao and Hall (2003) estimate that crop residue composes 40-60 percent of livestock diets in India; Renard (1997) estimates 41 percent in Bangladesh, 51 percent in Nepal, and 46 percent in Pakistan; Keftasa (1988) estimates 40-50 percent in Ethiopia; and Nordblom and Shomo (1993) estimate 13 percent in Sudan. In a multi-country survey of crop-livestock farming in Asia and Latin America, McDowell and Hildebrand (1980) find estimates ranging from 30-90 percent, and Thornton and Herrero (2010) posit that throughout the developing world residues compose up to 50 percent of livestock diets. While these studies estimate the biomass of residue consumed by livestock, no study we are aware of measures the value of this biomass, which is ultimately what influences farmers' technology decisions.
As in much of the developing world, NT adoption in Morocco has been rare, and traditional cereal production still dominates among small farmers, despite strong institutional will to advance NT and encourage HVC production. A multitude of NT field trials conducted over the past 30 years have been highly successful from an agronomic point of view (Mrabet 2008) , and NT is a component of the recent National Plan against Global Warming. Meanwhile, HVC expansion is the centerpiece of an ongoing $300 million cooperative project between the Millennium Challenge Corporation and the Moroccan at Virginia Polytechnic Institute and State University on March 29, 2013 http://ajae.oxfordjournals.org/ Downloaded from government to improve and expand fruit tree production, with expansion aimed at land currently used for cereal production.
2 In a separate effort,the government of Morocco plans to help farmers convert 3 million ha. of marginal cereal land to market-oriented HVCs to combat rural poverty. Despite the perceived benefits of NT and HVC production, few farmers have embraced these changes. To understand the barriers to adoption that mixed cereallivestock farmers face, it is necessary to quantify the full value of crop residue as livestock feed.
Straw generally has a local market price and is therefore relatively easy to value. Stubble, however, is challenging to value because it is not traded and has no market price; thus, its price is a shadow price.
3 To estimate the shadow price of stubble we develop a structural model from the crop-livestock farmer's constrained profit maximization problem, from which we estimate shadow prices for individual farmers. Because of endogeneity concerns, we leverage the panel nature of the data by using a farmer fixed-effects model to estimate the livestock production function.
We find that in a normal rainfall year, the shadow value of crop stubble accounts for around one-quarter of the total value of cereal production, on average. 4 In a drought year, when grain production is very low and livestock feed is scarce, the shadow value of crop stubble accounts for three-quarters of the total value of cereal production.The large difference in value between years highlights the role of residue as a risk buffer. In both a normal year and drought year the implicit cost of not using crop stubble as feed outweighs the estimated annual cost savings from NT adoption in the study region.
We regress household-level shadow value estimates on household characteristics and find that farmers with less land and less land in cereal derive more value per hectare of crop stubble than farmers with more land and more land in cereal. Our results also suggest that farmers who are able to enforce property rights over crop stubble on their land derive more value from this resource, and the shadow value of stubble varies substantially across the three agro-climatic zones covered by our study.
Theoretical framework
Because data on crop residue consumption normally are not collected, existing studies estimate the prevalence of residue in livestock diets from aggregate cereal production and aggregate herd data using conversion parameters (Nordblom and Shomo 1993; Rao and Hall 2003; Smil 1999) .Although this approach might be appropriate for estimating the total mass of crop residue used as feed by the aggregate of all farmers in a given area, this method does not lend itself well to calculating the value of crop residue consumed,because it does not differentiate straw from stubble or consider how much residue individual farmers' herds consume.
Making the jump from the quantity of straw produced by a given farmer to the value of that straw is straightforward, because farmers can privatize straw production, local market prices for straw exist, and production data are obtainable. This is not true for stubble. The amount of stubble a farmer feeds his herd cannot necessarily be measured by the amount of cereal he harvests.
5 Because of enforcement costs, traditions, or social norms, crop-livestock farmers in developing countries often graze their herds on other farmers' stubble (Erenstein 2003; Lesorogol 2010; Pieri, et al. 2002) . This phenomenon is evident in our study area; half of farmers reported grazing their livestock on other farmers' stubble.
Even if crop stubble consumption were observable in terms of biomass, several important differences between straw and stubble would make calculating the value of this biomass challenging. During harvest, grain is knocked off the stalk onto the ground amidst the stubble, rendering stubble more nutritive than straw (personal communication with Abdelaziz Chergaoui, August 2007; Thomas, et al. 2010 ). However, livestock may need to expend a considerable amount of energy to graze stubble compared to straw and other portable feed sources. Furthermore, the timing of stubble consumption is inflexible compared to storable feed sources, as grazing must occur shortly after the harvest (Tarhzouti, et al. 2006; Thomas, et al. 2010) . For these reasons, we model stubble consumption at the herd level as opposed to stubble production at the farm or more aggregate level. This allows us to quantify tradeoffs between the use of crop stubble and market feed by exploiting differences in feed usage between farmers and across years.
Farmers in the study region use a combination of market and non-market feeds to maintain their herds. Some market feeds-straw, hay, and barley grain-are either produced on-farm or bought at market. Others-maize, commercial concentrate, and processing-level agricultural byproducts such as dried beet pulp and bran-are acquired nearly exclusively at market. To simplify the analysis, we assume that farmers do not face constraints on liquidity or availability of market inputs. We also assume that farmers face zero transaction costs for market feed, so that consuming feed produced on-farm is equivalent to purchasing it. In reality, liquidity constraints, limited market availability, and transaction costs likely influence the feed bundle farmers choose. Although we do not incorporate these market imperfections into our empirical analysis, we later discuss how they would affect our results.
Non-market feed sources-crop stubble, grasses on fallow land, permanent pasture, and green forage (forage crops grazed before harvest)-are grazed directly off the ground and have no market price. Farmers are quantity constrained for these inputs, but they are not price constrained. For our analysis we aggregate feed sources up to the following categories:(1) straw,(2) hay,(3) high-grade feed,(4) stubble, (5) pasture and fallow grasses ("grass" hereafter), and (6) green forage. Jacoby (1993) and Skoufias (1994) use a household production model to estimate the shadow price of a non-market agricultural input, household labor, using the price of a market output as a reference. This technique is also implemented by Sonoda and Maruyama (1999) and Abdulai and Regmi (2000) to estimate the shadow price of labor. Arslan and Taylor (2009) turn this approach on its head to estimate the shadow price of a non-market agricultural output, subsistence maize, using the price of market labor as a reference. We estimate the shadow price of a non-market input for livestock production, crop stubble, using the price of a market input as a reference. Our approach is similar to Le (2009) , who uses the price of a market input, fertilizer, as a reference to derive the shadow price of non-market labor. Because we use the market price of an input as a reference, we do not need price data on the output, which can be either a non-market good or a market good for which prices are unobservable. This methodology is useful for dealing with livestock, because observed sales prices are idiosyncratic and livestock is not so much produced over the course of a year as it is maintained.
We begin by solving a constrained profitmaximization problem that results in a system of factor demand equations. From this system we derive the shadow price of crop stubble. A farmer maximizes profit by maintaining a herd of size H using some combination of feed sources z,where z j is the quantity of feed source j. Feed sources j = 1 . . . m are market feeds and are traded at prices w. Feed sources j = m + 1 . . . M are non-market feeds and can be used without paying out of pocket (w j = 0 for j = m + 1 . . . M), but their consumption is limited by availability, z max . The livestock maintenance function is defined generally as H = g(z). The farmer's profit-maximization problem can be written as
The associated Lagrangian function can be written as:
The parameter λ is the value to the farmer of maintaining an additional unit of livestock for one year, and ρ j is the shadow price of non-market input j = m + 1 . . . M. First order conditions for (2) with respect to z can be interpreted as the inverse demand functions for market feeds, w j = λ · ∂g(z) ∂z j for j = 1 . . . m, and for non-market feeds,
This is a reasonable assumption; in the study region, very little crop stubble goes unclaimed.
Farmers choose inputs in any year so that the price ratio of any two feeds equals the marginal productivity ratio of those feeds, regardless of herd size or λ. It is therefore not necessary to assume that H and λ are time-invariant for at Virginia Polytechnic Institute and State University on March 29, 2013 http://ajae.oxfordjournals.org/ Downloaded from a given farmer. Shadow prices adjust so that the shadow price of non-market feed k is the amount of market feed j required to compensate for the loss of one unit of k times the market price of j, i.e.,
We call feed j the reference market input. If m > 1 then there are multiple reference market inputs to choose from, and the choice of which one to use may hinge on quality and completeness of data (Arslan and Taylor 2009; Le 2009 ). In our empirical application we estimate the shadow price of stubble using two different market feeds as references.
Data
Data are from a survey conducted during the summers of 2007 and 2008 in the Middle Atlas Region of Morocco. The survey was administered orally to a randomly selected sample of farmers in three distinct zones: urban fringe, low plains, and foothills. The main cereals grown in this region are soft wheat, durum wheat, and barley, and cereal production is mostly rainfed.Wheat is used solely as food and barley as both food and feed. Livestock predominantly consists of sheep but also includes cows and goats. Many households also keep several equines for traction or transport. Farmers generally give all species in their herds the same type of feed,especially in the case of small ruminants.
Five to six villages were randomly selected within each zone for a total of 16 villages. Within each village, 16 households were randomly selected from village rosters.
6 An average of 14 households per village completed the survey in 2007. In total 223 households were surveyed in 2007, and 206 of the same households were resurveyed in 2008. The data include information on a variety of activities, including cereal and livestock production. Livestock data include an animal inventory and detailed accounting of feed use. Feed prices were gathered via a village survey. A rather unique feature of the data is that they contain information on non-market feed use, specifically, how long livestock (by animal type) grazed on the farmer's own crop stubble, other farmers' stubble, grass, and green forage. Mean cultivated area in the sample is around 8 ha. In each year of the survey, an average of just over three-quarters of cultivated land was planted in cereals or forage crops. Other crops cultivated include legumes, tree crops, and vegetables. Households had an average herd size of 33 sheep, 4.6 goats, 3.5 bovines, and 1.9 equines. To aggregate across livestock types, we employ the tropical livestock unit (TLU), assigning a weight of 0.1 TLU for each sheep or goat and 0.7 TLU for each bovine or equine (Food and Agriculture Organization 1999). Mean herd size was 7.4 TLU and was 18 percent smaller in 2007 than 2008; however, the difference in TLU between the two survey years is not statistically significant. do not know the area of crop stubble on which they graze their herds. However, they do know approximately how long they graze their animals on crop stubble on their own and other farmers' land. On average, farmers grazed their herds on stubble for 71 days. 7 The unit we use to measure stubble demand is the livestockweighted day (LWD) of grazing. For instance, a farmer who grazes 2 cows and 6 sheep (2 TLUs) on stubble for 60 days uses 120 LWDs of stubble. We employ the same measure for grass and green-forage grazing.
Data from To compensate for lower non-market feed availability, farmers demanded greater quantities of market feed in 2007 than in 2008. More than 95 percent of farmers used straw during both years, but the quantity of straw used in 2007 was twice that used in 2008 . In 2008 (2007 , 48 (57) percent of farmers reported using hay and 82 (87) percent reported using high-grade feed, although the differences between the number of users across years are not significant. However, the average quantity of hay used was 2.5 times greater in 2007 than in 2008, and the average quantity of high-grade feed used in 2007 was nearly twice the amount used in 2008. Table 2 contains descriptive statistics on feed use by year.
These inter-year differences in feed use suggest that farmers substitute market for nonmarket feed in response to drought. Farmers also may alter their herd size between the two years due to the dearth of non-market feed. However, regardless of herd size, equation (3) must hold. That consumption of all market feeds is greater in the drought year suggests that straw alone is not a substitute for stubble and grass, as Steinfeld et al. (2006) report. In the following section, we analyze the tradeoffs between different feed sources in order to calculate the shadow price of stubble.
Estimation and Results
In order to estimate marginal productivities of different feed sources, we must choose a functional form that makes the profit-maximization problem in (1) function allows for decreasing marginal input productivity while being easy to work with, because it is linear in logs. For these reasons, it is often chosen to calculate marginal productivities from household production functions (Abdulai and Regmi 2000; Arslan and Taylor 2009; Jacoby 1993; Le 2009; Skoufias 1994; Sonoda and Maruyama 1999) . Using CobbDouglas also allows us to impose constant returns to scale, which we assume throughout.
8 Because of observations of zero input use, we follow the common practice of adding 1 to all inputs and outputs and therefore must omit observations with zero values for stubble or the reference market feed from the regressions.
In both study years, straw and stubble were each used by more than 94 percent of farmers. By comparison, 82 to 87 percent used highgrade feed, and 48 to 57 percent used hay, making straw appear to be the best reference feed to use. However, it is possible that high transaction costs prevent some farmers from participating in straw markets, causing their shadow price of straw to deviate from the market price. For farmers who buy straw, or those who would buy straw absent transaction costs, the shadow price of straw may exceed the market price. Stubble shadow prices calculated using the market price of straw as a reference then would be downward biased. Farmers who sell straw or those who would sell straw absent transaction costs might choose either to store straw or feed more straw to their livestock than would be optimal otherwise. For these farmers, stubble shadow prices calculated using straw as a reference would be upward biased.
Few farmers in the study are straw autarkic. In 2008, 56 percent of farmers reported using more straw then they produced, and 32 percent reported using less. However, only 45 percent of farmers reported buying straw in 2008, suggesting that some farmers stockpile excess straw for later use, a phenomenon evidenced by visible straw stocks in the study region. The majority of farmers who used more straw than they produced in 2008 participated in straw markets, but nearly one fifth did not. 8 Because there are no fixed factors of livestock production in the model (e.g., land, labor, or management), doubling all variable inputs (feed) should double the number of heads of livestock a farmer can maintain. 9 We only have data on straw purchases from 2008, and do not have data on straw sales from either year.
As the robustness check, we use high-grade feed as a reference market feed. High-grade feed sources-dried beet pulp, commercial concentrate, maize, and bran-are nearly exclusively purchased at market. Barley grain can be produced on-farm but is much easier to transact than straw. In our sample, 70 percent of farmers reported buying highgrade feed, and 85 percent of high-grade feed users participated in high-grade feed markets. Although market feed provides a useful robustness check, it is possible that liquidity constraints cause the shadow prices of market feed sources to be higher than market prices. We do not have sufficient data on liquidity to handle this issue empirically, but we return to it conceptually while discussing our results.
Household production functions are often estimated using cross sectional data, and endogeneity concerns are typically addressed using instrumental variables (Abdulai and Regmi 2000; Arslan and Taylor 2009; Jacoby 1993; Le 2009; Sonoda and Maruyama 1999) . Because we have panel data, we can use a farmer fixedeffects model specification similar to Skoufias (1994) to control for unobservable farmer heterogeneity that may influence both input use and production. In this study, heterogeneity would likely manifest itself as unobserved differences in livestock quality. While the data include livestock quantity broken down by species and in some cases gender as well as some sale prices, they do not include animal weight, age, or the market value of unsold animals, which likely differ systematically from the value of sold animals. If herd quality is correlated with unobserved variables that also influence factor demand, production function estimates may be biased.
Consider the case of a farmer with underweight livestock because liquidity constraints prevent him from purchasing high-quality animals. The same liquidity constraints could prevent him from providing market feed for his herd. If initial herd quality is not controlled for, the model will overvalue this farmer's herd by assuming it is of average quality. If the animals are overvalued, so will be the marginal productivities of the inputs used to maintain the them. If farmers with poor quality livestock systematically use relatively more stubble than market feed, stubble will be overvalued.
We can alter the model to include unobservable animal quality or weight c i as a farmer specific adjustment to g(z). When logs are taken the maintenance function is linear in log 
The error term in (4), v it , can be decomposed as v it = μ i + τ t + ε it , where μ i is a farmer fixedeffect, τ t is a year fixed-effect, and ε it is a random disturbance term. We mean-center the data so that the time-invariant unobserved quality terms, log(c i ) and μ i , drop out of the model, leaving
For a fixed-effects model to be consistent,the error term ε it must be orthogonal to the meancentered explanatory variables in log(z it ). This is equivalent to saying ε it in either period must be uncorrelated with the input quantities for both periods,which is a stronger assumption than that of no contemporaneous correlation. One could argue that feed given to the herd in one period might affect a farmer's ability to maintain his animals in the next period, i.e., a farmer could overfeed livestock during a year of plenty and maintain the herd the following year while feeding it less. We assume that current herd size does not depend on feed given in previous or future years.
We estimate (5) using a farmer fixed-effects model (FE), in which the constant term τ t amounts to a year effect. To estimate (4), we assume c i = 1 and use OLS with pooled data with (OLS I) and without (OLS II) control variables and village fixed-effects. Controls include age and education of the household head, household size, and total land area. We first use straw as the reference feed, then use high grade feed. In both cases we must omit observations for which the farmer does not use any of the reference feed. 10 The termα stubblê α j for j = {straw, high-grade} is a non-linear combination 10 Estimates ofα straw (α high−grade ) are robust across the three specifications using straw (high-grade feed) as the reference feed. Because coefficient estimates for variables with zero values are sensitive to the choice of constant added before taking logs, we cannot reliably estimateα straw (α high−grade ) using data from the subset of farmers who did not all use straw (high-grade feed). We therefore estimateα stubble /α straw (α stubble /α high−grade ) using only observations for farmers who used both stubble and straw (high-grade feed).
of parameter estimates for which the standard errors can be calculated by linear approximation or by bootstrapping (Krinsky and Robb 1986) . As is generally the case, we find bootstrapped standard errors to be more conservative than linear approximations, and we report them in our results.
Using either straw or high-grade feed as the reference market feed, we find estimates of α stubblê α j to be robust across model specifications.
In both cases, the point estimate obtained using OLS I is higher than the FE estimate, suggesting that unobservable farmer heterogeneity leads to slightly upward biased estimates of the shadow price of stubble when using OLS without controls. However, because the OLS II estimate is nearly identical to the FE estimate using either market feed as a reference, it seems that most heterogeneity can be controlled for by accounting for time-invariant observable farmer characteristics and village fixed-effects. Regression results for the livestock maintenance function can be found in table 3 . To check that our empirical model returns plausible maintenance function estimates, we can compare the cost of maintaining additional livestock using straw to the cost of doing so using high-grade feed. If the estimates are plausible, costs should be similar across feed sources. Using median values of herd size, feed use, and feed prices from the pooled data, our estimates ofα straw andα high−grade imply that maintaining an additional sheep for one year requires either 396 kg of straw valued at 449 Dh or 115 kg of high-grade feed valued at 380 Dh ($1US = approx. 8 Dh). 11 We can also compare the caloric requirements implied by our econometric results to those documented elsewhere for maintenance of a female sheep: 1480 kcal per day (Boulanouar and Paquay 2006, p 302). Using calorie conversion factors for straw and high-grade feed (barley in this case), we find that 270 kg of straw per year or 161 kg of barley per year satisfies this requirement. 12 11 A more formal approach to testing the overidentification restriction-within the noise of the data-is to test the null hypothesis of equality of marginal cost relative to marginal productivity across reference feed sources. Using a t-test to compare these ratios, we cannot not reject the null for p = 0.15 using the pooled data, which suggests the model reflects optimizing behavior reasonably well. We thank an anonymous referee for suggesting this test. 12 Most sheep in our sample were female. Notes: Only farmers using both stubble and market feed j = {straw, high-grade} are included in regressions. Household cluster robust standard errors (bootstrapped forα stubble /α j ) are in parentheses; * * denotes p < 0.01, * denotes p < 0.05. R-squared shown is the coefficient of determination.
Solving (3) using the maintenance function parameter estimates gives the estimated shadow price of stubble asρ stubble,i = α stubblê α j · z j,i z stubble,i · w j,i . Becauseα stubblê α j is constant across farmers, the median (mean) shadow prices for the sample are equivalent to the shadow prices for a representative farmer as determined by the median (mean) ratio of stubble to market feed j used. Given that input ratios can become very large when one input, in this case crop stubble, is used in very small quantities, we calculate mean shadow prices excluding the top and bottom 2.5 percent of the distribution.
by North Dakota State University available at http://www. ag.ndsu.edu/disaster/drought/documents/FeedingStraw_000.pdf, and an online energy converter provided by UC-Davis available at http://animalscience.ucdavis.edu/java/LivestockSystemMgt/ Conversion/energy.htm. We use barley as the reference high grade feed and refer to information provided by the government of Alberta and available at http://www1.agric.gov. ab.ca/$department/deptdocs.nsf/all/sg4843to calculate kilocalories per kg of barley.
Using feed demand data from both years and FE estimates ofα stubblê α j , we find that the median (mean) shadow price of stubble is 17.2 (30.1) Dh per LWD using straw as the reference market feed and 14.9 (25.8) Dh using highgrade feed. The differences between median and mean estimates are not unexpected, inasmuch as the distributions of ratios frequently have long right tails. Thus, while both measures are informative, the medians are a better measure of central tendency because they are not sensitive to high skews like those present in our data. Stubble availability differs from year to year in our data set; thus, the shadow price also would be expected to differ, in the opposite direction of the change in quantity. That is what we find: The median and mean shadow prices of stubble are two to three times higher in the drought year of 2007 than in 2008. Table 4 presents estimates for the shadow price of stubble under the FE specification using both straw and high-grade feed as the reference market feed; OLS II estimates (not shown) are 1-9 percent higher. 
The Economic Importance of Stubble
Our estimation results indicate that the median shadow price of stubble was around 8 Dh ($1.00) per LWD in the normal rainfall year of 2008 and between 23 and 28 Dh ($2.90 to $3.50) per LWD in the drought year of 2007. How substantial is this implicit cost of stubble? When farmers consider technologies that reduce or eliminate the use of stubble as feed or supplant cereal altogether, they logically take into account the opportunity cost. There is a deterrent to adoption if the value of stubble is high compared to the total value of cereal production or to the benefits of a new technology. We compared the shadow value of crop stubble to the value of other cereal co-products and to the potential cost savings offered by NT. Then we regressed farmer-specific shadow value estimates onto household characteristics to explore which farmers are most likely to be deterred from adopting certain technologies by high stubble use-value.We combined plot-level yield data and village-level price data for the three major grains grown in the region-soft wheat, durum wheat, and barley-to calculate the value of grain production per hectare for each farmer in each year. We performed the same calculation to obtain the market value of straw produced per hectare. Because farmers do not always graze their own plots, it is difficult to capture the total amount of grazing a plot provides. However, what ultimately is most important from the perspective of private returns is the amount of grazing that a plot provides to its owner, so this is the amount we use in our analysis.
The shadow value of stubble generated per hectare of cereal production is the product of the number of LWDs a farmer gets from one hectare of stubble and the farmer's shadow price of crop stubble. This approach is analogous to the common practice of multiplying the shadow wage times the number of hours worked to calculate shadow income (Abdulai and Regmi 2000; Jacoby 1993; Le 2009; Skoufias 1994) , and it is the most appropriate way to make comparisons with other per hectare production values. 13 The total value of cereal production is the sum of grain market value, straw market value, and stubble shadow value. For our analysis, we use the shadow price of stubble estimated using straw as the reference market feed. Results of these calculations can be found in table 5. 13 Calculating the integral of the shadow price over the quantity used would yield an infinite value. 14 These values for stubble and total residue may seem high, but they are not inconsistent with qualitative findings. Bradford (1999) notes that farmers in sheep-cereal systems in the Middle East and North Africa perceive stubble and straw to be at least as important as grain production, particularly because in drought years farmers will generate some livestock feed even if there is no grain harvest. Similar observations have been made in South Asia (Kelley, et al. 1993) . The high shadow value of crop residue in the drought year of our study highlights one way in which crop-livestock farmers self-insure through diversification.
Our findings suggest that the shadow value of crop stubble is a formidable barrier to NT adoption. Estimates from the study indicate that costs can be reduced by 250-450 Dh/ha. using NT as a result of eliminating plowing. This is equivalent to a 7-13 percent decrease in total costs (Magnan, et al. 2011) . Such savings pale in comparison to the average value of crop stubble, even in a normal rainfall year. Although Mrabet (2002) finds that 30 percent of crop stubble can be removed without jeopardizing yields,the shadow value of the remaining 70 percent still offsets the potential cost-saving aspects of NT (450 Dh/ha) for 100 percent of farmers in the drought year and 75 percent in the normal rainfall year.
The benefits of NT go beyond reducing production costs. By using NT, farmers can increase and stabilize yields and improve soil structure to sustain productivity into the future (Erenstein 2003; Mrabet 2008; Pieri, et al. 2002) . However, these complex long-term productivity and environmental benefits might not be readily apparent to farmers, particularly those who are liquidity constrained in the short-run. If farmers base their adoption decision primarily on short-term benefits and costs, NT is unlikely to be as attractive when the shadow value of stubble is considered. Likewise, crop-livestock farmers choosing between cereal and HVCs that do not generate residue will consider the high value of crop residue.
Differences in stubble valuation across farmers
Crop stubble constitutes a substantial portion of the total value of cereal production to the crop-livestock farmers in the study sample. But to whom is it most valuable and thus a stronger deterrent to NT and HVC adoption? We regressed stubble value per hectare onto farmer and farm characteristics. In this regression, we use stubble value per hectare as opposed to total stubble value, because the net benefit of adopting NT or HVCs is most easily thought of in per-hectare terms. Explanatory variables include age and education of the household head, household size, herd size, total area farmed, percent of farmed area in cereal, and a dummy variable for the drought year of 2007. We include zone fixed-effects to account for unobserved farm and farmer characteristics common to a given zone. Because the dependent variable, the per-hectare shadow value of stubble, is estimated rather than observed, we bootstrap standard errors (Dumont, et al. 2005) , re-sampling pairs to account for the panel nature of the data.
In one set of specifications we include a dummy variable indicating whether or not the farmer reported exercising exclusive grazing rights on the majority of his stubble. In 2007, two-thirds of farmers reported exclusively grazing stubble on their own plots, whereas in 2008 one-third did. Some farmers grazed exclusively only in 2007, whereas others did so only in 2008. Admittedly, exclusive grazing is potentially endogenous because the farmer can choose to enforce property rights over stubble depending on the scarcity of the resource. However, because we have no satisfactory instrument for this variable, we assume exogeneity and interpret the results with caution.
Our results indicate that farmers with less land and farmers who have a lower percentage of land in cereals derive more value per hectare of stubble. We do not find that herd size or composition (results not shown) have a significant effect on the stubble shadow value. It follows that small farmers and farmers with less cereal face a larger barrier to adopting technologies that reduce stubble production or availability. Indeed, in developing countries worldwide, NT adoption rates are particularly low among small farmers (Pieri, et al. 2002) . While there are many reasons why this might be true, our results indicate that a relatively high implicit cost of stubble could be one of them.
We find that households derive more value from their stubble when they graze it exclusively. Although not surprising, this finding suggests that farmers who can exclude others from grazing their stubble when not practicing NT face a higher barrier to NT adoption than farmers who cannot. However, for farmers who would not be able to prevent others from grazing all of their stubble while practicing NT the adoption question is moot. HVC farmers presumably would not generate crop stubble, so the opportunity cost of replacing cereal with HVCs would be higher for farmers who can exercise property rights.
Zone fixed-effects are highly significant, revealing that households in the plains and foothills derive less value from stubble than farmers on the urban fringe. This finding suggests that extension services in the study region aimed at encouraging NT (and possibly HVCs) should set their targets farther away from the urban area, where the opportunity cost is lower. Estimation results can be found in table 6.
Transaction Costs and Other Market Failures
The results we present in this article assume that the market price of market feeds is the farmer's decision price. It is possible, however, that transaction costs or liquidity/credit constraints put a wedge between market and shadow prices of market feeds. For a liquidity-constrained farmer, equation (2) Because we do not observe B and therefore cannot measure γ with our data, we underestimate the shadow price of stubble for liquidity constrained farmers. Our estimates should therefore be viewed as a lower bound; in an environment with severe liquidity constraints, the shadow price of stubble will pose an even greater barrier to the adoption of certain technologies.
Potential shadow-price estimation biases due to market failures are not unique to this study. Jacoby (1993) , Skoufias (1994) , and Abdulai and Regmi (1999) all depend on the assumption of perfect markets for the agricultural goods produced by small farmers. Arslan and Taylor (2009) depend on the assumption that perfect markets exist for labor used to produce a subsistence crop. Le (2009) assumes that there are perfect markets for fertilizer and no liquidity/credit constraints that would prevent its purchase. The assumption of at least one well-functioning market is necessary if one wishes to use a household production model to calculate the shadow price of a nonmarket good. The researcher is responsible for determining what good most likely fits that description and for considering what a market failure for that good might imply for shadow price estimates.
Conclusions
Diversified agricultural households in developing countries often use non-tradable byproducts of one production activity as inputs for other activities. Nowhere are these economies of scope more visible than in crop-livestock systems, which produce more than half of the world's cereal, meat, and milk and provide livelihoods for many millions of people. Because crop and livestock production are intertwined, proponents of technologies that impact one activity must consider the whole system. Failure to quantify the value of non-market byproducts may lead researchers, development practitioners, and policymakers to miscalculate the benefits of new technologies.
Our findings from Morocco indicate that the shadow value of crop stubble for small croplivestock farmers is substantial: In our sample, stubble accounts for around one-quarter of the total value of cereal production in a normal rainfall year and around three-quarters in a drought year, when many farmers harvest little to no grain. The high shadow value of stubble in the drought year highlights one way in which crop-livestock farmers self-insure through diversification.
These findings highlight the economic importance of residue by-products to small farmers in crop-livestock systems. They reveal that the opportunity cost of alternative land uses that preclude stubble production or its use as feed are substantial. This creates a powerful deterrent to shifting into relatively high-value cash crops or using crop residue for soil conservation rather than as feed. For most farmers in our sample, the shadow value of stubble is greater than the cost-saving benefits of adopting no-till, a resource conserving technology that has experienced slow uptake despite having many demonstrated benefits. We find that the shadow value of stubble produced per hectare is greater for farmers who are small, have less land in cereal production, and are closer to the urban periphery. For these farmers, a high shadow value of stubble represents a significant deterrent to the adoption of technologies that reduce stubble availability. Governments and NGOs would do well to heed these findings while designing programs to promote no-till agriculture or cash crops as a means of raising agricultural incomes, combating poverty, or conserving soils.
